solubilized drug. However, even with the current antifungal therapies, one-year survival among 23 patients is only 25 to 60%. Hence, there is a critical need for improved antifungal therapeutics. 24
Dectin-1 is a mammalian innate immune receptor in the membrane of some leukocytes 25 that binds as a dimer to beta-glucans found in fungal cell walls, signaling fungal infection. We coated anti-fungal drug loaded liposomes to fungal cell walls with a beta-glucan 39 binding protein and thereby increased drug effectiveness by an order of magnitude.
Introduction
to make control AmB-LLs, which are similar in structure and AmB concentration to commercial 134 un-pegylated AmBisomes (Materials and Methods, Supplemental Table S1 ). sDectin-1 (DEC, 135
Supplemental Fig. S1, Fig. S2 ) and Bovine serum albumin (BSA) were coupled to a pegylated 136 lipid carrier, DSPE-PEG. One mole percent DSPE-PEG-DEC was incorporated into AmB-LLs to 137 make sDectin-1 coated DEC-AmB-LLs ( Fig. 1) and 0.33 mole percent DSPE-PEG-BSA was 138 incorporated into AmB-LLs to make BSA-AmB-LLs. This mole ratio of 22 kDa sDectin-1 and 65 139 kDa BSA results an equivalent ug amounts of protein coating each set of liposomes. Because 140 these protein coated liposomes were made from the same AmB-LLs, all three liposomal 141 preparations contain 11 moles percent AmB relative to moles of lipid. Two moles percent of 142 DHPE-Rhodamine were loaded into all three classes of liposome (Fig. 1) . 143
sDectin-1 coated liposomes DEC-AmB-LLs bind strongly to fungal cells. In assays 144
performed on A. fumigatus germlings, rhodamine red fluorescent DEC-AmB-LLs bound strongly 145 to germinating conidia and to germ tubes as shown in Fig. 2 . The sDectin-1-targeted liposomes 146 often bound in large numbers and in aggregates to particular regions. While 100 nm liposomes 147 are too small to be resolved by light microscopy, individual liposomes are visible as somewhat 148 uniformly sized small red fluorescent dots (orange arrows, Fig. 2A ), which are easily detected 149 due to their each containing an estimated 3,000 rhodamine molecules (Fig. 1) . From 150 examinations of larger fields of germlings it appears that essentially all bind DEC-AmB-LLs ( Fig.  151   2C and 2D) . AmBisome-like AmB-LLs (Fig. 2B) and bovine serum albumin coated liposomes, 152 BSA-AmB-LLs (Fig. 2E & 2F) did not bind detectably to germinating conidia or germtubes, 153 when tested at the same concentration. Maximum labeling by DEC-AmB-LLs was achieved 154 within 15 to 30 min and the strong red fluorescent signals of DEC-AmB-LLs bound to cells were 155 maintained for weeks, when fixed cells were stored in the dark in PBS at 4 o C. 156 DEC-AmB-LLs also bound to germinating conidia and most hyphae from more mature 157 cultures as shown in Fig. 3 . Again, the sDectin-1-targeted liposomes often bound in aggregates, 158 but some fairly uniformly sized individual small red dots are visible (orange arrows, Fig. 3A) ,which appear to be individual fluorescent liposomes. AmB-LLs did not bind significantly to older 160 conidia or mature hyphae (Fig. 3E & 3F) nor did BSA-AmB-LLs. 161
On plates covered with dense layers of mature hyphae, the number of bound liposomes 162 and liposome aggregates were counted in multiple fluorescent images. DEC-AmB-LLs bound to 163 both formalin fixed (Fig. 4A-C) and live ( Fig. 4D-F) A. fumigatus cells 100-to 200-fold more 164 efficiently than AmB-LLs or BSA-AmB-LLs. Labeling by DEC-AmB-LLs was inhibited 50-fold by 165 the inclusion of soluble beta-glucan, laminarin, but not sucrose, confirming that binding was 166 beta-glucan specific (Fig. 4G-4GI) . Finally, DEC-AmB-LLs labeled Cryptococcus neoformans 167 cells and Candida albicans pseudohyphae (Supplemental Fig. S3 ), while control liposomes did 168 not. In short, Dectin-coated Amphotericin B loaded liposomes bound efficiently to a variety of 169 fungal cells, while control liposomes did not. 170
Killing and growth inhibition of fungi by DEC-AmB-LLs. We performed various 171 fungal cell growth and viability assays, after treating A. fumigatus with liposomes delivering AmB 172 concentrations near its estimated ED50 of 2 to 3 uM AmB (43) or below its estimated MIC of 0.5 173 uM for various strains of A. fumigatus (44). In most of these experiments, 4,500 conidia were 174 germinated and incubated for 12 to 72 hr in 96 well microtiter plates along with drug loaded 175 liposomes. Longer incubation times were often needed to resolve differences among the 176 liposome preparation delivering higher concentrations of AmB. Blue reagent, which assesses cytoplasmic reductase activity as a proxy for cell integrity and 180 viability, showed that treating cells with DEC-AmB-LLs delivering 3 uM AmB killed A. fumigatus 181 more than an order of magnitude more effectively than AmBisome-like AmB-LLs or BSA coated 182 liposomes BSA-AmB-LL (Fig. 5A) . As a second method to score liposomal AmB activity, we 183 measured hyphal length. Hyphal length assays gave a similar result, showing that DEC-AmB-184
LLs delivering 3 uM AmB were far more effective at inhibiting hyphal growth than AmB-LLs orslightly different method of preparaing liposomes we obtained a similar although less dramatic 187 result, when delivering 3 uM AmB ( Fig. 5C and 5D) . 188 A third assay of liposomal AmB activity was employed, which measured the percent of 189 conidia that germinated in the presence of the various liposomal preparations (Fig. 5E and 5F) . and septa on A. fumigatus hyphae even in the presence of serum (51). We cannot account for 245 this disparity between their data and ours, except that their liposomes had a different lipid 246 composition and lacked both sDectin-1 and amphotericin B (Supplemental Table S1 ). 247
Aspergillus, Candida and Cryptococcus species belong to three evolutionarily disparate 248 groups of fungi, the Hemiascomycetes, Euascomycetes, and Hymenomycetes, respectively, 249 which are separated from common ancestry by hundreds of millions of years (52). DEC-AmB-250
LLs bound specifically to all three. This suggests the beta-glucans found in the outer cell wall of 251 many pathogenic fungi will be conserved enough in structure and accessible enough bind 252 sDectin-1 targeted liposomes. 253
In various biological and experimental replicate experiments using different assay methods 254 we showed that DEC-AmB-LLs killed or inhibited A. fumigatus cells far more efficiently than 255
AmBisome-like AmB-LLs delivering the same level of AmB. In all of our experiments, DEC-256 AmB-LLs were from several fold to more than an order of magnitude more fungicidal than 257 control liposomes over a wide variety of AmB concentrations tested that were near or below the 258 estimated ED50 of 3 uM. We detected significantly stronger activity of DEC-AmB-LLs over 259
AmB-LLs even at AmB concentrations as low as 0.094 uM AmB, well below AmB's MIC. DEC-260
AmB-LLs significantly decreased the amount of AmB required for an ED50 or a MIC for A. 261
fumigatus. The time of incubation with drug loaded liposomes strongly influences the ability to 262 resolve differences among the three liposome preparations. For example, when all three 263 liposome preparations delivered high AmB concentrations (e.g., 0.75, 1.5 and 3 uM) they 264 caused a lag in the germination of conidia. Hence, longer incubation periods were needed to 265 allow sufficient fungal growth to resolve the improved performance of DEC-AmB-LLs. Short 266 incubation periods were needed to resolve differences at low AmB concentrations (e.g., 0.37, 267 0.18, 0.94 uM). Thus we were unable to obtain a dose response curve that reflected the optimal 268 performance of DEC-AmB-LLs over a wide range of AmB concentrations. shown in Supplemental Fig. S1 . The sequence encodes a slightly modified 198 a.a. long 307 sDectin-1 protein containing a vector specified N-terminal (His) 6 affinity tag, a flexible GlySer 308 spacer, two lysine residues, another flexible spacer followed by the C-terminal 176 a.a. long 309 murine sDectin-1 domain. E. coli strain BL21 containing the MmsDectin-1-pET45B plasmid were 310 grown overnight in 1 L of Luria broth without IPTG induction (Supplemental Fig. S2 ). Modified 311 sDectin-1 was extracted from cell pellets in pH = 8.0, 6 M GuHCl (Fisher BioReagents BP178), 312 0.1 M Na2HPO4/NaH2PO4, 10 mM Triethanolamine, 100 mM NaCl, 5 mM BME, 0.1% Triton-313 X100, which was modified from a GuHCl buffer used an earlier study (56). sDectin-1 was boundto a nickel affinity resin (QiaGen, #30210) in this same buffer, washed in same adjusted to pH 315 6.3, and eluted in this buffer adjusted to pH 4.5. The pH of the eluted protein was immediately 316 neutralized to pH 7.2 with 1 M pH 10.0 M triethanolamine for long term storage. Forty mg of 317 greater than 95% pure protein was recovered per liter of Luria broth (Supplemental Fig. S2) . 318
Samples of sDectin-1 at 6 ug/uL in this same GuHCl buffer were adjusted to pH 8.3 with 1 M pH 319 =10 triethanolamine and reacted with a 4-molar excess of DSPE-PEG-3400-NHS (Nanosoft 320 polymers, 1544-3400) for 1 hr at 23 o C to make DSPE-PEG-DEC. Gel exclusion chromatography 321 on Bio-Gel P-6 acrylamide resin (Bio-Rad #150-0740) in renaturation and storage buffer RN#5 322 (0.1 M NaH2PO4, 10 mM Triethanolamine, pH 8.0, 1 M L-Arginine, 100 mM NaCl, 5 mM EDTA, 323 5 mM BME) removed un-incorporated DSPE-PEG and GuHCl (45, 57). DSPE-PEG-BSA was 324 prepared from bovine serum albumin BSA (Sigma, A-8022) by the same protocol, minus the 325
GuHCl from DSPE-PEG labeling buffers and L-Arginine from RN#5 buffer. Table S1 ). 344
The DSPE-PEG-sDectin-1 and DSPE-PEG-BSA conjugates in RN#5 buffer and PBS, 345 respectively, were integrated via their DSPE moiety into the phospholipid bilayer membrane of rhodamine. Amphotericin B (AmB, blue oval structure) was intercalated into the lipid bilayer of 388 100 nm diameter liposomes. sDectin-1 (DEC, green globular structure) was coupled to the lipid 389 carrier DSPE-PEG. Both DSPE-PEG-DEC and red fluorescent DHPE-Rhodamine (red star) 390
were also inserted into the liposomal membrane. sDectin-1, Rhodamine, AmB and liposomal 391 lipids were in a 1:2:11:100 mole ratio, respectively (Supplemental Table S1 ). Two sDectin-1 392 monomers (two DSEP-PEG-DEC molecules) must float together in the membrane to bind 393 strongly to cell wall beta-glucans (red sugar moieties). The two liposomal controls examined 394
were BSA-AmB-LLs that containing an equal ug amount of 65 kDa BSA in place of 22 kDa 395 sDectin-1 (i.e., 0.33:2:11:100 mole ratio) and AmB-LLs lacking any protein coating (0:2:11:100 396 mole ratio). From these mole ratios, the surface area of an 100 nm diameter liposome, and the 397 
